In this manuscript, we present the results of a physical properties investigation carried out on basaltic cores recovered from the four Leg 192 basement sites, focusing on the relationship between physical properties and alteration in basalts. Variations in physical properties in the Leg 192 basement sites closely resemble each other and reflect the amount of alteration and vein formation in the basement basalts. Pwave velocities, magnetic susceptibilities, and densities for the dense massive basalts are higher than those of more altered and heavily veined basalts. Porosity-dependent alteration is observed at Leg 192 basement sites: P-wave velocity displays a general decrease with increasing loss on ignition and potassium content. These trends are consistent with trends documented for typical alteration of oceanic crust and suggest that basalt alteration is largely responsible for the variation of the physical properties exhibited by rocks at Leg 192 basement sites. Our physical property data support the conclusion that only low-temperature seawater-mediated alteration occurred in the lava flows of the Ontong Java Plateau (OJP). This lack of higher-temperature hydrothermal alteration is consistent with the idea that the OJP basement sites are far from their eruptive vents.
INTRODUCTION
The history of the Ontong Java Plateau (OJP) in the western Pacific, which is the largest oceanic large igneous province (LIP) in the world (Fig. F1) , was investigated during Ocean Drilling Program (ODP) Leg 192. Understanding the origin and evolutionary history of the OJP is of particular importance because it is the best manifestation of mid-Cretaceous volcanism (~124-90 Ma) in the Pacific (Larson, 1991) . Results from previous Deep Sea Drilling Project (DSDP) and ODP drilling expeditions to the OJP have shown that the OJP exhibits characteristics that are inconsistent with formation by mantle plume heads (e.g., Tarduno et al., 1991; Bercovici and Mahoney, 1994) , a bolide impact (e.g., Rogers, 1982) , or mantle avalanche (e.g., Muller, 2002) . Other scientists (e.g., Ingle and Coffin, 2004) have recently argued that an extraterrestrial impact model is more consistent with existing data and suggested a large object (>10 km in diameter) may have struck the deep ocean basins and resulted in emplacement of the OJP. Despite the huge size of the OJP (larger than Alaska) and its potential role in contributing to our understanding of mantle circulation and environmental change in the past, the origin and evolution of the OJP is still poorly understood (Mahoney and Coffin, 1997) .
Basement and sediment cores were recovered during Leg 192 at five widely spaced sites in previously unsampled areas of the OJP (Fig. F1) . Four drill sites (1183, 1185, 1186 , and 1187) successfully reached basaltic basement, which comprises a thick sequence of submarine pillow and massive lavas. The lava flows of the OJP have undergone lowtemperature seawater-mediated alteration (Banerjee et al., 2004) . Because responses to varying oceanographic conditions can result in changes in alteration regimes and in physical properties of the basalt, physical property parameters of the basaltic flows are useful for studying petrogenesis and environment of the OJP formation. Standard physical properties, such as P-wave velocity, density, porosity, magnetic susceptibility, and thermal conductivity, are useful indicators of alteration and can therefore be used to understand the relationship of physical properties to the alteration regime at the Leg 192 sites.
In this paper, we investigate the relationship between physical properties and alteration and vein formation in basaltic cores recovered from the four Leg 192 basement sites. We will first briefly mention the newly available age information about the basement sites and then outline the physical property data and explore their implications for understanding the interplay of primary volcanic emplacement and subsequent alteration.
LEG 192 BASEMENT SITES AND AGES
The site locations and alteration data are documented in detail in the site chapters of the Leg 192 Initial Reports volume (see Mahoney, Fitton, Wallace, et al., 2001 ) and relevant papers (Banerjee et al., 2004 ; Banerjee and Honnorez, this volume). Thus, we present only a simplified summary of the basement sites and their alteration characteristics in Table T1 .
Recently completed whole-rock 40 Ar/ 39 Ar analyses on basaltic basement samples indicate that all Leg 192 basalts are ~120 Ma (Chambers et al., 2002 (Chambers et al., , 2004 , which is in excellent accordance with a Re-Os iso- F1. Bathymetry map of the Ontong Java Plateau, p. 12.
T1. Simplified hole summary, p. 21.
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chron age of 121.5 ± 1.7 Ma derived from the basement sites (Parkinson et al., 2001) . Using these constraints, it now appears that an immense part of the OJP may have formed in a single event at ~120 Ma. With the resolution of existing sampling and dating, the duration of this event could have been as short as 2 m.y. (Chambers et al., 2002) . Shipboard and postcruise paleomagnetic studies for Leg 192 (Riisager et al., 2003 (Riisager et al., , 2004 ) also suggest that the entire basalt sequence is normal magnetic polarity that is consistent with the Cretaceous Normal Superchron (120-84 Ma) and with the new ages of the rocks. The new ages of the OJP basement sites are also summarized in Table T1 .
METHODS
On board the JOIDES Resolution we routinely measured sonic compressional (P-wave) velocities on cut samples. Moisture and density (MAD), including wet bulk density, grain density, dry bulk density, water content, void ratio, and porosity, were measured on discrete samples taken from each core recovered from Leg 192 sites. Magnetic susceptibility was also measured independently every 2 cm on the archive multisensor track (AMST) with the point-susceptibility meter, as well as on paleomagnetic minicores. Thermal conductivity was measured on selected split-rock samples from each core.
Measurements were made after cores had been allowed to stand for 2-4 hr to equilibrate to approximately ambient room temperature (i.e., 22°-24°C). All instruments and apparatuses used in the shipboard laboratory and the principles of the methods employed were described by Boyce (1976) , ODP Shipboard Measurements Manual (Ocean Drilling Program, unpubl. data), American Society of Testing and Materials (ASTM, 1989) , and Blum (1997) . Shipboard MAD property measurements for Site 1187 were not completed because of the time constraints near the end of operation. As a partial remedy, additional measurements of MAD properties on several core intervals from Site 1187 were performed in the petrophysical laboratory at the First University of Naples (Italy) with a MultiVolume pycnometer 1305.
In order to examine the effects of alteration on the physical properties of Leg 192 basalts, the physical property data were compared with alteration and vein logs (Banerjee and Honnorez, this volume) of either the same samples used for physical property determination or samples adjacent to the physical property samples. This comparison is further supplemented with shipboard geochemical analyses of each site documented in Mahoney, Fitton, Wallace, et al. (2001) .
PHYSICAL PROPERTY RESULTS
The "Physical Properties" sections in the site chapters of the Leg 192 Initial Reports volume present detailed accounts of shipboard physical property measurements. Complete tables and figures of physical property data for all Leg 192 sites are contained in Mahoney, Fitton, Wallace, et al. (2001) . For this study, we use data points that were obtained from basement measurements only (Tables T2, T3, T4, T5) . Several typos and errors from the previous published tables in Leg 192 Initial Reports volume were noticed and corrected in this study. Shore-based data points are included along with the figures of this paper. 
T2. P-wave

P-Wave Velocities
At all Leg 192 sites, a sharp velocity increase occurs at the boundary between sediments and basaltic basement (see "Physical Properties" sections in the site chapters in Mahoney, Fitton, Wallace, et al., 2001) . As shown in Figure F2 and Table T2 , P-wave velocities in the basement basalts of Hole 1183A are >5000 m/s (mean = 5508 m/s). A marked velocity low (4768 m/s) occurs at ~1140 meters below seafloor (mbsf), corresponding to a veined and fractured basalt (Sample 192-1183A-55R-3, 131-133 cm) . This sample also has low bulk and grain densities (Fig.  F2) and relatively high values of porosity, weight loss on ignition (LOI), and K 2 O ( Table T2) .
Two holes were drilled at Site 1185. In the basement Units 1-5 of Hole 1185A, P-wave velocities range from 4641 to 5612 m/s (mean = 5122 m/s). In the basement units of Hole 1185B, P-wave velocities are lower (generally <5000 m/s) in Units 1, 4, 6, and 9, whereas velocities are typically >5000 m/s in Units 2, 3, and 10-12 (Fig. F3) . The high Pwave velocities (>5000 m/s) in these relatively unveined basalts are associated with high bulk and grain densities and low porosity values ( Fig. F3 ; Tables T2, T3) .
Similarly, P-wave velocities in the basement units of Hole 1186A are typically >5000 m/s in the less veined basalt (e.g., Units 1, 2, and 4) and generally <5000 m/s in the more veined basalt (e.g., Unit 3) ( Fig. F4 ; Table T2). The high P-wave velocities (>5000 m/s) in the relatively unveined basalts are once again associated with high bulk and grain densities and low porosity values ( Fig. F4 ; Table T3 ). The transition from pillowed to massive basalt, observed in the core at 981 mbsf, is also apparent in the Formation MicroSanner (FMS) images. All logs correlate very closely with lithologic changes identified from core descriptions .
For Site 1187, P-wave velocities are typically >5300 m/s in the relatively massive unveined basalt sections of Units 3, 5, 6, and 7 and generally <5300 m/s in the more abundantly veined basalt sections of these units, as well as in the remaining basement units (Fig. F5) . The high Pwave velocities (>5300 m/s) measured in the relatively unveined basalt also correlate with the large magnetic susceptibility spikes observed in the same units. Below 500 mbsf, in the lower part of Unit 11 and through Unit 12, P-wave velocities decrease significantly (<5300 m/s), in similar fashion to mean bulk densities in this interval (Fig. F5) .
Density and Porosity
Density and porosity are two of the most important variables controlling progressive alteration in the basalts (Carlson and Herrick, 1990) . Little variation in grain density (2.9-3.1 g/cm 3 ; mean = ~3.0 g/ cm 3 ) is present in basalts of basement from Site 1183 ( Table T3) . Porosity values are generally low (~3%) in the massive basalt but increase to 16% in veined basalt (Fig. F2) .
In the basalts from Hole 1185B, bulk densities are higher (>2.4 g/ cm 3 ) within basement Units 2, 5, 10, and 11 and lower (<2.3 g/cm 3 ) in Units 3 and 6-9. Both grain and bulk densities decrease downhole in Units 4-9, corresponding to a lithologic change from massive basalt to heavily veined basalt. Below Unit 9, an increase in bulk density correlates with a lithologic change from veined basalt back to massive basalt in Units 10-12 (Fig. F3) . Porosity ranges from 16% to 4% in Hole 1185B, with high values in heavily veined basalt. F5. Minicore measurements, Hole 1187A, p. 16.
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In general, both grain and bulk density decrease downhole in Unit 3 at Site 1186, corresponding to a lithologic change from massive basalt to heavily veined basalt. Below 966.85 mbsf, in the basalt of basement Unit 1, bulk density increases to an average of 2.7 g/cm 3 . Bulk densities in basement Unit 3 are slightly lower than in other basement units. Below the top of Unit 4 (Section 192-1186A-36R-4), an increase in bulk density correlates with a change from the veined basalt back to massive basalt (Fig. F4) . Similar to those at Sites 1183 and 1185, porosity ranges from 14% to 4% in the basalt of the basement units from Site 1186.
Shipboard petrological description suggests that the basalt in Hole 1187A underwent the greatest overall alteration of basement of any Leg 192 site (see "Alteration" in the "Site 1187" chapter in the Leg 192 Initial Reports volume; Shipboard Scientific Party, 2001) . It is interesting to note, however, that MAD properties in the basement of Site 1187 are similar to those at other Leg 192 sites, with average grain and bulk densities at 2.8 g/cm 3 and 2.7 g/cm 3 , respectively. Porosity ranges from 15% to 4% in the basalt of the basement units from Site 1187 (Fig. F5) , also similar to those at other Leg 192 sites.
Magnetic Susceptibility
As shown in Figure F2 and Table T4 , magnetic susceptibility values are, in general, quite uniform downhole at Site 1183. On a finer scale, however, dense massive basalt (e.g., Sample 192-1183A-57R-1, 131-133 cm; 1152 mbsf) always exhibited higher magnetic susceptibility than more altered and heavily veined basalt (e.g., Sample 192-1183A-56R-3, 118-120 cm; 1149.1 cm).
For Holes 1185A and 1185B, the peaks in magnetic susceptibility correlate well with the locations of massive basalt. For example, the magnetic susceptibility profile of basement units in Hole 1185B has two large spikes (>30 ´ 10 -3 SI units) (Fig. F3) ; these spikes correspond to intervals of massive basalt without veins. On the other hand, heavily veined basalt in basement Units 6-9 exhibits much lower magnetic susceptibility values than the massive basalt both above and below these units (Tables T2, T4) .
Similar features are seen in the magnetic susceptibility profile for Hole 1186A. We observed a distinct difference between the pillow lavas, with relatively low magnetic susceptibility, and the more massive lava flows, with high susceptibility ( Fig. F4 ; Table T4 ).
We obtained similar results at Site 1187; higher magnetic susceptibility values (>12 ´ 10 -3 SI units) for Site 1187 basement units correlate with the presence of massive basalt (Fig. F5) , and the massive interiors of large pillows have slightly higher magnetic susceptibility than the more finely grained pillow margins. Downhole magnetic susceptibility values for Site 1187 are slightly but noticeably lower than those for Sites 1185 and 1186. This observation is probably consistent with the dominantly pillowed nature of the basalts recovered in this hole.
Thermal Conductivity
Thermal conductivity values of the basalts from Site 1183, commonly between 1.7 and 2.0 W/(m·K), exhibit little scatter in the depth interval from 1130.3 to 1210.0 mbsf ( Fig. F2 ; Table T5 ).
Thermal conductivity in basement units from Hole 1185B slightly increases with depth ( Fig. F3 ; Table T5 ). The average thermal conductivity for the basement units is 1.8 W/(m·K). The maximum and minimum
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values (at ~340 and ~415 mbsf, respectively) (see Fig. F3 ; Table T5 ) correspond to relatively dense massive gray basalt in Section 192-1185B-6R-5 and yellowish brown basalt in Section 15R-1, respectively (see Mahoney, Fitton, Wallace, et al., 2001 ). In the basalt from the basement units of Site 1186, thermal conductivity remains fairly constant downhole ( Fig. F4 ; Table T5 ). The average thermal conductivity for the basement units is 1.8 W/(m·K), the same as the basement basalt at Site 1185.
Thermal conductivity values at Site 1187 vary from 1.6 to 1.9 W/ (m·K), with slightly higher values in the dense massive basalt and slightly lower values in the more altered and veined basalt (Tables T2,  T5 ). The average thermal conductivity of the basalt is 1.7 W/(m·K), similar to basalt from Site 1186. A progressive increase in thermal conductivity with increasing hydrothermal alteration of basalts has been observed from studies of deep drill holes in Iceland and Bermuda (Oxburgh and Agrell, 1982; Hyndman et al., 1979) . This pattern of variation is apparently not evident for the Site 1187 basalts. Figure F6 shows P-wave velocity plotted against bulk density and porosity for Leg 192 basement sites. For Sites 1183, 1185, and 1186, the velocity-bulk density plots show an expected positive correlation routinely noted for DSDP and ODP basalt sites (e.g., Christensen and Salisbury, 1972; Busch et al., 1992) . However, no such relationship was apparent between velocity and bulk density data for Site 1187. The same is true with the velocity vs. porosity crossplots; whereas other sites show an expected trend such as by the Wyllie et al. (1956) equation
Crossplots
where V = whole-rock compressional wave velocity, f = fractional porosity, V ma = matrix velocity, and V f = pore fluid velocity, with negative correlation between porosity and velocity, no obvious relationship was found on the velocity-porosity crossplot for Site 1187. Jarrard et al. (2003) point out that the Wyllie et al. (1956) equation is only an empirical approximation because theoretical equations (e.g., Gassmann, 1951) require elastic moduli that are rarely measured. Matrix velocities for basalts vary because of changes in alteration and composition (Serra, 1986) . Velocity-magnetic susceptibility crossplots are used to establish the relationship between the two physical parameters. Despite the large intrasite variations, an overall correlation between velocity and magnetic susceptibility is observed (Fig. F7) . For the most part, higher velocity values correspond to higher magnetic susceptibilities. On the other hand, grain density vs. magnetic susceptibility crossplots show significant scatter and a complicated relationship that we cannot interpret with confidence ( Fig. F8) . Although the differences in magnetic susceptibility have several single or combined reasons (e.g., type of magnetic mineralogy, concentration, grain size and shape, etc.), they may be potentially helpful in examining the question of rock alteration. F6. P-wave velocity and bulk density and porosity, p. 17. 
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Crossplots of thermal conductivity vs. grain density do not reveal any obvious relationships (Fig. F9) . This may reflect the fact that thermal conductivity measurements for all Leg 192 sites generally show only minor fluctuations downhole.
DISCUSSION
Because of the lack of detailed biostratigraphy and magnetostratigraphy to provide control points for depth-age conversion for Leg 192 basement holes, we are unable to convert data from depth domain to time domain to make intersite comparisons of physical properties. Nevertheless, we notice that variations in physical properties within the basement units at Leg 192 sites closely resemble each other, despite the geographically widespread locations of the drill sites. Results of anisotropy of magnetic susceptibility measurements from both pillowed and more massive basalt units from Leg 192 basement sites indicate broad similarities in their general properties (Hall et al., 2004) . These observations appear to be consistent with the hypotheses that low-temperature alteration of oceanic basalts mostly occurred during or immediately after initial cooling (Kent and Gee, 1996) and crustal alteration is negligible beyond 10 Ma (Carlson, 1998) . Our physical property data confirm the petrological, mineralogical, and geochemical evidence that basalts from all Leg 192 sites show similar effects of alteration, resulting in the development of various veins (Banerjee et al., 2004 ) (see Table T1 ). The absence of much alteration and of sedimentary interbeds in the deeper portion of recovered sections favor the hypothesis that lava emplacement on the OJP lasted only a short period of time (Berger et al., 1991) .
An interesting result of the shipboard physical property study is that no significant velocity anisotropy was observed at Leg 192 sites (see tables in the "Physical Properties" sections in the site chapters of Mahoney, , which indicates that tectonically induced lateral compression may be negligible. This would suggest that alteration is variable-mainly vertical-within the site, with little horizontal alteration. What appears clear from this study is that physical properties at Leg 192 sites reflect the amount of alteration and vein formation in the basement basalts. Dense massive basalts always exhibit higher P-wave velocities, magnetic susceptibilities, and densities than the more altered and heavily veined basalts. Alteration indicators, such as potassium content (K 2 O) and LOI data, also suggest that the degree of alteration decreases within the massive basalts at Leg 192 sites ). Porosity-dependent alteration is seen at Leg 192 basement sites: P-wave velocity generally decreases with increasing LOI and potassium content. These trends are consistent with trends documented for typical alteration of oceanic crust and suggest the alteration is largely responsible for the variation of the physical properties exhibited by basalts at Leg 192 basement sites. Many studies have provided comprehensive reviews of low-temperature alteration processes (e.g., Honnorez, 1981; Thompson, 1991; Jarrad et al., 2003) . Fractures and veins represent the most important pathways that allow significant penetration of fluids into the rock and control alteration. Alteration would enhance fluid flow and increase porosity. High porosity would in turn promote alteration because of high permeability (Jarrad et al., 2003) . Alteration would also replace primary, high-density phases (such as olivine, clinopyroxene, and plagioclase) with secondary, lowdensity phases (such as clay minerals) and thus decrease P-wave veloc- F9. Thermal conductivity and grain density, p. 20.
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ity. This observed pattern at Leg 192 basement sites is, however, opposite to the prediction of the standard model for aging of oceanic crust (e.g., Jacobson, 1992) , which suggests that alteration minerals eventually fill cracks and voids, thereby reducing porosity and increasing Pwave velocity. Data on hydrothermal activity are critical for understanding the oceanographic and climatic effects of plateau formation. Leg 192 OJP basement sites show almost no evidence of anything but low-temperature (less than ~100°C) seawater-mediated alteration in either the lava flows or overlying sediments (e.g., Babbs, 1997; Banerjee et al., 2004) . Our physical property data also support this conclusion. This lack of higher-temperature hydrothermal alteration is consistent with the idea that the OJP basement sites are presumably far from their eruptive vents. Major hydrothermal systems would be expected to be centered around major eruptive loci (Tejada et al., 1996) . The fact that types and amounts of alteration at all of the basement sites are similar to each other is in turn consistent with the observation that OJP drill sites are relatively unaffected by volcanism and deformation associated with the collision of the plateau and the north Solomon subduction zone in late Oligocene time (Kroenke et al., 1986; Riisager et al., 2003) .
CONCLUSIONS
Based on physical property results obtained during our study of Leg 192 cores, we can draw the following conclusions.
The physical property data obtained from Leg 192 basement sites exhibit changes that reflect the amount of alteration and vein formation in the basement basalts. P-wave velocities, magnetic susceptibilities, and densities for the dense massive basalts are higher than those of more altered and heavily veined basalts. These trends are consistent with trends documented for typical alteration of oceanic crust and suggest the basalt alteration is largely responsible for the variation of the physical properties exhibited by igneous rocks at Leg 192 basement sites. Our physical property data support the conclusion that only lowtemperature seawater-mediated alteration occurred in the lava flows of the OJP. This lack of higher-temperature hydrothermal alteration is consistent with the idea that the OJP basement sites are far from their eruptive vents.
This study has demonstrated that physical property studies on core samples can provide important information that has considerable relevance to understanding the evolution of the OJP. Figure F3 . Minicore measurements of P-wave velocity, grain and bulk densities, porosity, magnetic susceptibility, and thermal conductivity vs. depth for Hole 1185B basement. Figure F5 . Minicore measurements of P-wave velocity, grain and bulk densities, porosity, magnetic susceptibility, and thermal conductivity vs. depth for Hole 1187A basement. Bulk density (g/cm 3 )
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Figure F7. Crossplots of P-wave velocity and magnetic susceptibility for Leg 192 basement sites. Notes: New basement ages reported by Chambers et al. (2002 Chambers et al. ( , 2004 and Parkinson et al. (2001) . Alteration estimated visually by color distribution in hand specimen and confirmed by thin section study . LOI = weight loss on ignition at 1100ºC, K 2 O = potassium Table T2 (continued).
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Notes: _ = uncut split core, C = cut sample, M = minicore. x = into the core, y = across the core, z = along the core. All geochemical data after Mahoney, Fitton, Wallace, et al. (2001) . LOI = weight loss on ignition, K 2 O = potassium content. BD = below detection. Vein logs after Banerjee and Honnorez (this volume). Hf = hairline fracture. Vein log for Site 1187 was not compiled. 
